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Reactor Grade Zirconium 

Zirconium is a commercially available refractory metal with excellent corrosion resistance, good mechanical 
properties, very low thermal neutron cross section, and can be manufactured using standard fabrication 
techniques.  
 
The various zirconium alloy grades used in water-cooled nuclear reactors are also available for nuclear waste 
disposal components. Reactor grade designates that the material has low hafnium content suitable for nuclear 
service. The hafnium is typically 0.010% maximum. The American Society for Testing and Materials (ASTM) 
offers widely recognized grades of zirconium alloys. Zircaloy-2 (Grade R60802) is composed of Zr-1.5%Sn- 
0.15%Fe-0.1%Cr-0.05%Ni and has been predominantly used as fuel cladding in Boiling Water Reactors (BWR) 
and as calandria tubing in CANadian Deuterium Uranium (CANDU) reactor types. Zircaloy-4 (Grade R60804) 
has removed the nickel and increased the iron content for less hydrogen uptake in certain reactor conditions. 
The alloy is typically used as fuel cladding in Pressurized Water Reactors (PWR) and CANDU reactors. The 
nominal Zircaloy-4 composition is Zr-1.5%Sn-0.2%Fe-0.1%Cr. Refinements in the ingot homogeneity have 
allowed tighter control of the alloy elements within the ASTM specification. Controlled Composition Zircaloy 
offers optimized in-reactor corrosion resistance by adjusting the alloy aim point within the ASTM specification 
ranges. Controlled Composition Zircaloy-4 has lower tin (1.3%) and higher iron (0.22%) than the standard 
grade. Zr-2.5Nb (Grade R60904) is a binary alloy with niobium to increase the strength. The alloy has been 
utilized for pressure tubes in CANDU reactors. Advantages of zirconium alloys for long term nuclear waste disposal 
include excellent radiation stability and 100% compatibility with existing Zircaloy fuel cladding to alleviate any concerns 
of galvanic corrosion. Non-reactor grade Zirconium 702 (Grade R60702) has 4.5% maximum hafnium and is also 
available from ATI. 
 
Zirconium alloys have superior thermal properties compared to other traditional materials in consideration for 
spent nuclear fuel containers. Zirconium alloys have a thermal conductivity more than 30% higher than stainless 
steel alloys. The linear coefficient of thermal expansion for Zirconium alloys is nearly one-third the value for 
stainless steel giving zirconium alloys superior dimensional stability at elevated temperatures. This is an 
advantage in nuclear waste containers where temperatures could exceed 200ºC for hundreds of years. 

Zircaloy-2 and Zircaloy-4 have a hexagonal close-packed (HCP) crystal structure at room temperature as an 
alpha phase. The beta phase is body centered cubic (BCC) and begins to form upon heating to approximately 
810ºC. The fraction of beta phase increases with temperature until complete transformation to beta phase occurs at 
approximately 980ºC. Zircaloy exhibits anisotropy as a result of the HCP crystal structure. The 
hexagonal crystal deforms by both slip and twinning to produce a strong preferred orientation of the crystals 
(texture) during cold working. Typically, cold rolled Zircaloy strip will have a strong normal texture where most 
of the basal poles of the hexagonal crystals are orientated about 35 degrees to the transverse plane of the strip. 
The anisotropic properties of Zircaloy strip results in significantly higher yield strength values in the transverse 
direction. The control of crystallographic orientation allows designers to optimize material properties. 

ZIRCONIUM ALLOY PROPERTIES 

Zirconium resists corrosive attack in most organic and mineral acids, strong alkalis, and some molten salts. 
Solutions of nitric acid (HNO3 ), sulfuric acid (H2 SO4 ), and hydrochloric acid (HCl) with impurities of ferric, 
cupric and nitrate ions generally result in corrosion rates of less than 0.13 mm/a (5 mpy) even at temperatures 
well above the boiling point curve. A tightly adherent and protective oxide film protects the metal-oxide 
interface to provide corrosion resistance. An additional benefit for zirconium alloys in long-term geological 
disposal options is the inert nature of zirconium oxide. Application of zirconium alloys alleviates the concern of 
nickel and chromium contamination in the ground water in severely corroded spent fuel containers. 
Zirconium alloys produced by ATI are available in a wide variety of sizes and shapes including plate, 
strip, sheet, foil, tubular products, rod, and wire. Wrought products are typically supplied in an annealed and 
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conditioned form.  
THERMAL NEUTRON CROSS SECTIONS (BARNS) 

Magnesium 0.059 

Lead 0.17 

Zirconium 0.18 

Zircaloy-4 0.22 

Aluminum 0.23 

Iron 2.56 

Austenitic Stainless Steel 3.1 

Nickel 4.5 

Titanium 6.1 

Hafnium 104 

Boron 750 

Cadmium 2,520 

Gadolinium 48,890 

 
COMPOSITION (WEIGHT PERCENT) 

Name Zircaloy-2 Zircaloy-4 Zr-2.5Nb 

UNS Grade R60802 R60804 R60904 

Tin 1.20-1.70 1.20-1.70 --- 

Iron 0.07-0.20 0.18-0.24 --- 

Chromium 0.05-0.15 0,07-0.13 --- 

Nickel 0.03-0.08 --- --- 

Niobium --- --- 2,40-2,80 

Oxygen Per P.O. Per P.O. Per P.O. 

Iron + Chromium + Nickel 0.18-0.38 --- --- 

Iron + Chromium --- 0.28-0.37 --- 

 
MAXIMUM IMPURITIES, WEIGHT % 

Name Zircaloy-2 Zircaloy-4 Zr2.5Nb 

Aluminum 0.0075 0.0075 0.0075 

Boron 0.00005 0.00005 0.00005 

Cadmium 0.00005 0.00005 0.00005 

Carbon 0.027 0.027 0.027 

Chromium --- --- 0.010 

Cobalt 0.0020 0.0020 0.0020 

Copper 0.0050 0.0050 0.0050 

Hafnium 0.010 0.010 0.005 

Hydrogen 0.0025 0.0025 0.0010 

Iron --- --- 0.150 

Magnesium 0.0020 0.0020 0.0020 

Molybdenum 0.0050 0.0050 0.0050 

Nickel --- 0.0070 0.0070 

Nitrogen 0.0080 0.0080 0.0065 

Phosphorus --- --- 0.0020 

Silicon 0.0120 0.0120 0.010 

Tin --- --- 0.0050 

Tungsten 0.010 0.010 0.005 

Titanium 0.0050 0.0050 0.0050 

Uranium (total) 0.00035 0.00035 0.00035 
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PROPERTIES OF ZIRCALOY-4 

Density 6.55 g/cc (0.237 lbs/cu.-in.) 

Coefficient of Thermal Expansion at 25ºC 6 μm/m °C (3.3 μin/in-°F) 

Heat Capacity 0.285 J/g-°C (0.07 BTU/lb-°C) 

Thermal Conductivity 21.5 Watts/m-K (149 BTU-in/hr-ft2 -ºF) 

Melting Point 1850ºC (3,362ºF) 

Alpha➔Alpha + Beta Phase Transformation ~810ºC 

Alpha + Beta➔Beta Phase Transformation ~980ºC 

Hardness 89 Rb average 

Modulus of Elasticity 99.3 Gpa (14,402 ksi) 

Poisson’s Ratio 0.37 

Shear Modulus 36.2 Gpa (5,249 ksi) 

 
MECHANICAL PROPERTIES OF ZIRCALOY-4 ANNEALED 2 MM THICK STRIP 

Orientation Longitudinal Transverse 

Test Temperature Room Temp 288ºC Room Temp. 288ºC 

Ultimate Tensile Strength 

MPa 541 271 515 241 

(ksi) (78.4) (39.3) (74.6) (34.9) 

Yield Strength 

MPa 80 152 468 170 

(ksi) (55.2) (22.0) (67.8) (25.6) 

Elongation, % 28 43 29 44 

 
CORROSION RATE DATA FOR ZIRCALOY-4 
Corrosive Media Concentration% Temperature °C Corrosion Rate mm/a (MPY) 

HCI 70 160 0.36 (14) 

HNO3 70 120 0.05 (2) 

H2 SO4 70 150 <0.13 (<5) 

CuCl2 0.1 144 0.03 (1) 

FeCl3 1 135 0.18 (7) 

NaCl 25 250 nil 

 
 


